Insecticidal toxins produced by Bacillus thuringiensis interact with specific receptors located in the midguts of susceptible larvae, and the interaction is followed by a series of biochemical events that lead to the death of the insect. In order to elucidate the mechanism of action of B. thuringiensis toxins, receptor protein-encoding genes from many insect species have been cloned and characterized. In this paper we report the cloning, expression, and characterization of Cry toxin-interacting aminopeptidase N (APN) isolated from the midgut of a polyphagous pest, Spodoptera litura. The S. litura APN cDNA was expressed in the Sf21 insect cell line by using a baculovirus expression system. Immunofluorescence staining of the cells revealed that the expressed APN was located at the surface of Sf21 cells. Treatment of Sf21 cells expressing S. litura APN with phosphatidylinositol-specific phospholipase C demonstrated that the APN was anchored in the membrane by a glycosylphosphatidylinositol moiety. Interaction of the expressed receptor with different Cry toxins was examined by immunofluorescence toxin binding studies and ligand blot and immunoprecipitation analyses. By these experiments we showed that the bioactive toxin, Cry1C, binds to the recombinant APN, while the nonbioactive toxin, Cry1Ac, showed no interaction.
The insecticidal crystal proteins (ICPs) produced by Bacillus thuringiensis during sporulation have been used as biopesticides for many decades. Members of the Cry1A and Cry1C classes of ICPs are toxic to lepidopteran larvae (33) . Upon ingestion by a susceptible insect larva, the ICPs are released from the crystals as 135-kDa protoxins in the alkaline and reducing environment of the insect midgut. The released protoxins are cleaved to an active toxin (65 kDa) by proteases present in the midgut (9) . Activated toxin subsequently interacts with a protein located at the apical membrane of the insect midgut columnar cell, and the interaction at these binding molecules is a significant determinant for the specificity of ICPs (11, 43) . Toxin-binding proteins from several insects have been identified by ligand blot analysis (36) of brush border membrane (BBM) vesicles (BBMVs) prepared from the midguts of the insects (6, 26, 31) . Three types of molecules, i.e., aminopeptidase N (APN), cadherin-like protein, and anionic glycoconjugate (42) , in the insect midgut have been found to serve as receptors for the Cry toxins. APN (EC 3.4.11.2) serves as a binding molecule for Cry1C in Manduca sexta (21) , for Cry1Aa in Bombyx mori (12, 13, 46) , and for Cry1Ac in M. sexta (7, 15, 16, 31) , Lymantria dispar (19, 41) , and Heliothis virescens (10, 22, 28) . The aminopeptidase-encoding genes from many insects have been cloned, sequenced, and expressed in Escherichia coli (46) and insect cell culture (3, 23, 35) . In addition to aminopeptidase, cadherin-like protein has also been identified as the receptor for the Cry1A class of toxins in M. sexta (14, 39, 40) and B. mori (13, 25) . A cDNA encoding a 210-kDa BT-R 1 (B. thuringiensis toxin receptor) of M. sexta has been cloned and expressed in insect and mammalian cell culture (14) . Nagamatsu et al. (25) reported the cloning and expression of a B. mori Cry1Aa toxin-binding cadherin-like protein, BtR175, in Sf9 cells. Recently, Jenkins and Dean (13) have examined the binding specificity of Cry1Aa toxin for APN and cadherinlike receptor purified from B. mori BBMVs.
A significant part of the information about toxin-receptor interaction comes from tobacco hornworm M. sexta (7, 15, 21, 23) and the polyphagous pest H. virescens (10, 22, 28) . The aminopeptidases used in those studies were purified by anionexchange chromatography of CHAPS {3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate}-solubilized BBMV proteins. Although those experiments have provided important insights into the toxin-receptor interaction mechanism, the availability of receptor protein in large amounts remains a limitation for elucidating this mechanism. The characterization of receptors in the economically important pests by studying their binding to different Cry toxins will help us in evaluating the molecular mechanism of action of Cry toxin and will lead to a better understanding of the mechanism of development of resistance to these proteins in insects.
The lepidopteran moth Spodoptera litura (common cutworm) is a polyphagous pest affecting various economically important crops in Asia. Toxins of the Cry1A group have been found to be totally ineffective against Spodoptera species (30) , but the pest is susceptible to Cry1C toxin. Here we describe the isolation of a 2,856-bp gene, encoding a 108-kDa APN, from the midgut tissue of S. litura. We have expressed the protein in Sf21 insect cells by using a baculovirus expression system. The expressed protein was analyzed by Western blot analysis and immunolocalization studies. The recombinant APN protein is glycosylated, is attached to the membrane by a glycosylphosphatidylinositol (GPI) anchor, and, most importantly, retains aminopeptidase activity. The levels of expression obtained by us are comparable to those reported earlier (23) . The S. litura APN protein expressed at the surface of Sf21 cells interacted with Cry1C toxin but showed no binding to Cry1Ac toxin.
MATERIALS AND METHODS
Insect rearing and midgut isolation. Eggs of S. litura were obtained from the Entomology Department of the Indian Agricultural Research Institute. The insect culture was maintained in the insect rearing facility of our laboratory. The larvae were reared on an artificial diet at 25°C and 70% relative humidity with a photoperiod of 12 h light and 12 h dark. Early-fifth-instar S. litura larvae were chilled on ice for 15 min and dissected to isolate the midgut tissue. The midgut was slit longitudinally, the peritrophic membrane was removed, and the residual midgut contents were rinsed away with ice-cold buffer (300 mM mannitol, 5 mM EGTA, 17 mM Tris-HCl, pH 7.5). The midgut tissue used for isolating RNA was rinsed with diethyl pyrocarbonate-treated water. The tissue was either used immediately or snap frozen in liquid nitrogen and then stored at Ϫ80°C.
Cloning of S. litura apn. Total RNA was isolated from the S. litura midgut by using the guanidine isothiocyanate method (29) . cDNA was synthesized by using an oligo(dT) primer with 5 g of total RNA as the template and reverse transcriptase (Superscript II; Life Technologies) according to the manufacturer's instructions. Primers for screening APN were designed on the basis of two conserved regions in the insect aminopeptidases (3, 10, 16) , AFPCYDEP (RKB5 [GCT TTY CCY TGY TAY GAY GAR CC]) and WWDVLWL (RKB3 [AGC CAN ARN WYR TCC CAC CA]) (where Y is C or T; R is A or G; N is A, C, G, or T; and W is A or T). Using these degenerate primers, PCR was performed with midgut cDNA as the template. A 600-bp fragment was amplified, and this was cloned into the pGEM-T easy vector (Promega) and sequenced by the dideoxy termination method of Sanger et al. (32) . A set of gene-specific forward (Sp1F, CGA CAC TCT TGG CCC GTC) and reverse (Sp1R, GAC CAA GTT GGT GTT AGC) primers was designed on the basis of the sequence of the cloned insert.
The 3Ј end of the gene was amplified with the Sp1F and oligo(dT) primers with cDNA as the template. Conditions for the PCR included a hot start of 1 min followed by 32 cycles each of 94°C for 1 min, 48°C for 40 s, and 72°C for 2 min. The 5Ј end of the gene was amplified by using a nested PCR approach with Sp3R (GCG TGT TGG TCT GTC GGC TC) and oligo(dG) primers according to the protocol described in the 5Ј rapid amplification of cDNA ends (5Ј RACE) kit manual (Life Technologies). The 3Ј RACE and 5Ј RACE DNA fragments were cloned in the pGEM-Te vector and sequenced. Seven independent clones obtained after 3Ј and 5Ј RACE were sequenced. Identical sequences were obtained in all of the clones, establishing the fidelity of the RACE products. Primers SpolitF (CGA GTC TAG AAT GGG TAC CAA AAT GTT GGT TCC) and SpolitR (CGA CGC GGC CGC TAA CTC CAC AGG AAT CTC), corresponding to sequences of the 5Ј and 3Ј ends of the apn cDNA, amplified a product of 2.856 kb which was cloned in the pGEM-Te vector. All of the primers were synthesized from Integrated DNA Technologies.
Expression of S. litura APN in E. coli and production of polyclonal antibodies. A 1,420-bp fragment from bp 1161 to 2580 (amino acids 387 to 860) was amplified by using the Sp4F (CTG CGC ACT GGG CTG ATC) and Sp13R (AGC TTC ACC ACC ATA TGT AG) primers and cloned into the pGEM-Te vector. This fragment was excised from pGEM-Te with SphI and PstI restriction enzymes and cloned into SphI-and PstI-digested E. coli expression vector pQE30 (Qiagen). To express the truncated apn gene, pQE30 carrying the 1.42-kb fragment was transformed into E. coli strain M15. Expression of the protein was analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) after IPTG (isopropyl-␤-D-thiogalactopyranoside) induction. A 51-kDa protein was produced in the inclusion bodies. The inclusion bodies were solubilized in SDS loading buffer containing ␤-mercaptoethanol and resolved by SDS-10% PAGE. The 51-kDa protein band was excised from the gel after staining and destaining and was macerated with a pestle and mortar. Antiserum was raised by immunization of a New Zealand White rabbit with 0.2 mg of truncated APN administered in Freund's complete adjuvant (Sigma). The rabbit was boosted two times with truncated APN protein administered in Freund's incomplete adjuvant (Sigma). The rabbit serum was collected 10 days after the second boost. The reactivity of the rabbit serum was assessed by Western blotting.
Preparation and purification of recombinant B. thuringiensis ␦-endotoxins. E. coli strain JM103 expressing the recombinant protoxin Cry1Ac was kindly provided by D. H. Dean, Ohio State University, Columbus. The gene for this protoxin has been cloned in the pKK 223-3 expression vector. The Cry1C-expressing vector pTZ19R in E. coli strain DH5␣ was obtained from the Bacillus Genetic Stock Center, Ohio State University. ␦-endotoxins were purified from E. coli by a modification of the procedure described by Lee et al. (20) . The crystal protein was solubilized in 50 mM sodium carbonate buffer (pH 10.5) containing 10 mM dithiothreitol at 37°C for 2 h with vigorous shaking. The unsolubilized proteins were removed by centrifugation at 15,000 ϫ g at 4°C for 10 min. The solubilized crystal protein was digested with trypsin (United States Biochemical) at a trypsin/protoxin ratio of 1:50 (by mass) at 37°C. Another dose of trypsin was added after 1 h of incubation and incubated further for 30 min. Solubilized Cry1C protoxin was activated with trypsin at a trypsin/protoxin ratio of 1:10. The activated Cry1Ac and Cry1C toxins were purified by ion-exchange liquid chromatography using a Q-Sepharose anion exchanger (Pharmacia Biotech Inc.) equilibrated with 50 mM sodium carbonate buffer (pH 10.5). Bound toxin was eluted with a 50 to 500 mM NaCl linear gradient prepared in the sodium carbonate buffer, and individual fractions were analyzed by SDS-PAGE. Fractions containing the purified toxin were pooled and dialyzed against 10 mM HEPES (pH 7.4)-150 mM NaCl-3.4 mM EDTA) and stored at Ϫ20°C. After activation and purification, the E. coli-expressed Cry1C toxin was obtained as a near-homogenous 62-kDa protein (34) .
Expression of S. litura apn in Sf21 cells. Sf21 cells were grown and maintained at 27°C in TNM-FH medium (Grace's basic medium with yeastolate, lactalbumin hydrolysate, and L-glutamine) supplemented with 10% fetal bovine serum and 50 g of gentamicin per ml (Pharmingen). Cells were grown as a monolayer in tissue culture flasks. Cell viability was determined by the trypan blue exclusion method.
To clone S. litura apn into the baculovirus transfer vector pBacPAK (Clontech), the gene was amplified with gene-specific primers containing XbaI and NotI sites and cloned into the pGEM-Te vector. The gene was excised from the vector and cloned into XbaI-and NotI-digested pBacPAK vector by standard recombinant DNA techniques (29) . The reverse primer also contained a His tag-encoding sequence. The recombinant transfer vector carrying the S. litura apn gene was termed pBacPAK8-SlApn.
To generate recombinant Autographa californica nuclear polyhedrosis virus carrying the S. litura apn gene, 10 6 Sf21 cells were cotransfected with 500 ng of sterile pBacPAK8-SlApn DNA and BacPAK6 linearized viral DNA (Bsu36 I digest) according to the instructions given in the Clontech manual. After 5 days, the supernatant of the cotransfection plate containing the recombinant virus, BV-SlApn (for baculovirus-S. litura APN), was harvested and stored at 4°C. Plaque assay was carried out to purify the virus, and different plaque-purified viruses were amplified. The amplified viruses were analyzed by PCR for the aminopeptidase gene by using gene specific primers. The PCR-positive viruses were used to infect Sf21 cells to determine the expression of the recombinant protein. The expression of the protein was analyzed by SDS-PAGE and Western blotting. A time course study was carried out to determine the level of expression of the recombinant aminopeptidase as a function of time.
Immunofluorescence localization. Sf21 cells were seeded onto a sterile microscope coverslip (18-mm diameter) in a 12-well tissue culture plate. The cells were then infected with BV-SlApn at a multiplicity of infection of 2 for 36 h at 27°C. After the indicated incubation time, the infected cells were washed three times with insect phosphate-buffered saline (PBS) (1 mM Na 2 HPO 4 , 10.5 mM KH 2 PO 4 , 140 mM NaCl, 40 mM KCl, pH 6.2). The cells in each well were fixed with 1 ml of 2% formaldehyde in PBS. The fixed cells were washed three times with standard PBS and blocked with 3% bovine serum albumin (BSA) in PBS at room temperature for 1 h. Following three washes with 1ϫ PBS, the cells were incubated with anti-APN polyclonal serum (1:5,000) in PBS containing 0.5% BSA at room temperature for 1 h. In parallel, cells in another well were incubated with preimmune serum as a control. After incubation, cells were washed three times with PBS and incubated with fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit immunoglobulin G (IgG) secondary antibody (1:500) in PBS containing 0.5% BSA for 1 h at room temperature. Finally, cells were washed with 1ϫ PBS, mounted in buffered glycerol under a coverslip, observed under a fluorescence microscope, and photographed.
Assay of APN and PIPLC treatment. Uninfected Sf21 cells and BV-SlApninfected Sf21 cells were harvested at 72 h postinfection and washed with cold 1ϫ PBS. The cells were counted with a hemocytometer. Nearly 10 6 cells were resuspended in 500 l of PBS and mixed with 500 l of substrate solution (5 mM leucine-p-nitroanilide in 67 mM Na 2 HPO 4 -67 mM KH 2 PO 4 , pH 7.4) (18). The reaction was carried out at 37°C for 15 min. The amount of product (p-nitroaniline) released was measured spectrophotometrically at 405 nm.
Infected Sf21 cells were harvested at 72 h postinfection and washed with PBS. Nearly 10 6 cells were resuspended into 500 l of PBS and incubated with 0.5 U of phosphatidylinositol-specific phospholipase C (PIPLC). Following incubation at 37°C for 1 h, the cells were centrifuged at 16,000 ϫ g for 10 min. The supernatant and the pellet resuspended in 500 l of PBS were mixed with 500 l of substrate solution and assayed for APN activity.
Preparation of BBMVs and Sf21 cell membranes. BBMVs were prepared from fifth-instar larval midguts by the differential MgCl 2 precipitation method of Wolfersberger et al. (45) and stored in buffer (300 mM mannitol, 5 mM EGTA, 17 mM Tris-HCl, pH 7.5) at Ϫ80°C until use.
To isolate the membranes of Sf21 cells, the infected cells were washed two times with PBS and resuspended in buffer A (20 mM Tris-HCl [pH 7.5], 0.5 mM EDTA, 10 mM NaCl, 10 g of leupeptin per ml, 10 g of aprotinin per ml, and 1 mM phenylmethylsulfonyl fluoride). The cell suspension was sonicated on ice (four 15-s pulses) and observed under the microscope for complete lysis. The homogenate was centrifuged at low speed (700 ϫ g at 4°C for 5 min) to pellet heavier cellular debris, and the supernatant was subjected to ultracentrifugation (100,000 ϫ g for 60 min at 4°C) in a 50 Ti rotor (Beckman). The high-speed pellet comprising membranes was washed two times with buffer A and suspended in the same buffer prior to snap freezing in liquid N 2 and storage at Ϫ80°C.
Solubilization of expressed APN. Membrane extracts prepared from Sf21 cells expressing S. litura APN and uninfected cells were solubilized at 4°C for 2 h in solubilization buffer (20 mM Tris-HCl [pH 7.5], 200 mM NaCl, 0.5 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 10 g of leupeptin per ml, and 10 g of aprotinin per ml) containing 1% (wt/vol) nonionic detergent (CHAPS; United States Biochemical). Undissolved material was removed by ultracentrifugation (100,000 ϫ g for 60 min) at 4°C in a 50 Ti rotor (Beckman). The supernatant containing the solubilized recombinant APN protein was used for immunoprecipitation studies.
Ligand blotting. Membrane extracts of Sf21 cells expressing S. litura APN were heated in SDS sample buffer containing ␤-mercaptoethanol, resolved by SDS-7.5% PAGE, and electrotransferred to nitrocellulose membrane (38) . After being blocked with 3% BSA in Tris-buffered saline (50 mM Tris-HCl [pH 7.5], 150 mM NaCl) containing 0.1% Tween 20 (TBST), the membrane was incubated with 1 g of purified Cry toxins per ml in TBST containing 0.2% BSA at room temperature for 1 h. The unbound toxins were removed by three washes with TBST. The membrane was then incubated with antibodies against the respective overlaid toxins at room temperature for 1 h. After three washes with TBST, the blots were incubated with alkaline phosphatase-conjugated goat anti-rabbit IgG antibodies (Calbiochem) for 1 h at room temperature. The immunoblots were washed again with TBST and developed using p-nitroblue tetrazolium chloride (NBT)-5-bromo-4-chloro-3-indolyl phosphate toluidine (BCIP) substrate (Sigma) as recommended by the manufacturer.
The above-described procedure for ligand blotting was used with S. litura BBMV proteins. Twenty-five micrograms of protein was resolved by SDS-7.5% PAGE and electrotransferred to nitrocellulose membrane. The membrane was overlaid with 2 g of purified Cry1C toxin per ml, followed by incubation with anti-Cry1C toxin antiserum, and as a control the membrane was probed directly with anti-Cry1C toxin antiserum without preincubation with Cry1C toxin.
The electroblotted BBMV proteins were also probed with anti-APN antibodies (1:50,000). The blots were then incubated with alkaline phosphatase-conjugated goat anti-rabbit IgG and NBT-BCIP substrate.
The glycosylation status of the expressed APN was examined by transferring the membrane extracts from infected and uninfected cells onto nitrocellulose membrane and incubating with biotin-labeled concanavalin A (Sigma) (5 g/ml in PBS) for 1 h. The membrane was probed with a 1:5,000 streptavidin-alkaline phosphatase complex (Sigma) and developed with NBT-BCIP.
Immunoprecipitation of Cry1C and APN. Purified Cry1C toxin (5 g) was incubated with 100 g of CHAPS-solubilized membrane proteins (prepared from both infected and uninfected cells) in a binding buffer (50 mM sodium phosphate [pH 7.5], 50 mM NaCl, and 3 mM MgCl 2 ) at 4°C on an end-over-end mixer for 3 h. To this mixture anti-Cry1C antiserum (5 l) was added and then incubated further at 4°C. After 3 h of incubation, 100 l of protein A-Sepharose 4B equilibrated with binding buffer was added. The reaction mixture was incubated at 4°C for 2 h with rotation. The protein A-Sepharose beads were pelleted at room temperature and washed once with wash buffer (10 mM Tris-HCl [pH 7.5], 2 mM EDTA, and 0.2% NP-40) containing 150 mM NaCl, once with wash buffer containing 300 mM NaCl, and twice with the same buffer (without NaCl and NP-40). The beads were resuspended in SDS sample buffer containing ␤-mercaptoethanol and heated at 100°C for 5 min to dissociate the bound protein-toxin-antitoxin antiserum complex. After centrifugation at 12,000 ϫ g for 5 min, the supernatant was resolved by SDS-7.5% PAGE and electrotransferred to nitrocellulose membrane. The membrane was incubated with anti-APN antibodies followed by alkaline phosphatase conjugated goat anti-rabbit IgG antibodies and developed with NBT-BCIP.
Immunofluorescence toxin binding studies. Sf21 cells were seeded, infected with recombinant virus, fixed, and blocked as described above. Following blocking, the cells were overlaid with 1 g purified Cry1Ac and Cry1C toxins per ml in 1ϫ PBS containing 0.2% BSA at room temperature for 1 h. Cells were then washed with PBS and incubated at room temperature for 1 h with respective antitoxin antiserum (1:2,500). Following three washes with PBS, the cells were incubated with FITC-conjugated goat anti-rabbit IgG secondary antibody (1:500) at room temperature for 1 h. Finally, the cells were washed three times with PBS, mounted in buffered glycerol, observed under a fluorescence microscope, and photographed.
Protein concentration determination. Protein concentrations in samples without detergent were determined by the dye binding method of Bradford (1) , and those in samples containing detergent were determined with a detergent-compatible protein assay kit (Bio-Rad) with BSA (Sigma) as the standard.
Nucleotide sequence accession number. The GenBank accession number for the S. litura APN sequence is AF320764.
RESULTS
Cloning, sequencing, and characterization of S. litura APN. Based on the published sequences of aminopeptidase genes from different insect species, degenerate primers were designed to clone the APN gene from S. litura. A 600-bp DNA fragment was amplified with the degenerate primers. The amplified product was cloned in the pGEM-Te vector and sequenced. A search for the sequence of cloned fragment in the National Center for Biotechnology Information nucleic acid data bank revealed homology with aminopeptidase-coding sequences of other insects. By using the RACE technique, the 5Ј and 3Ј ends of the gene were amplified and sequenced. Genespecific primers corresponding to the 5Ј and 3Ј ends of the apn gene with cDNA as the template amplified the full-length gene of 2.856 kb. Analysis of the gene sequence with PC-GENE revealed an open reading frame corresponding to 952 amino acids with a molecular mass of 108,675 Da, an N-terminal cleavable signal peptide (residues 1 to 20), a C-terminal GPI modification site (residues 930 to 952), four N-glycosylation sites, and zinc-binding signature sequence characteristic of zinc metallopeptidases (Fig. 1) . The amino acid sequence also contains four Cys residues which are highly conserved among APN molecules of higher eukaryotes (rat, rabbit, pig, and human).
By using the ClustalW alignment program (Mac Vector version 7), the deduced amino acid sequence of S. litura APN was aligned with those previously reported for 16 insect aminopeptidases. The multiple and pairwise alignments were carried out using following parameters: similarity matrix-blosum, open gap penalty of 10.0, and extended gap penalty of 0.1. The pairwise alignment showed that S. litura APN exhibited 67% identity to APN2 isolated from Helicoverpa punctigera (5) but only 25 to 35% identity to other APN sequences. The dendrogram constructed on the basis of this alignment by using the neighborjoining method and Best Tree mode revealed that the reported APNs can be clustered into five homology groups (Fig. 2) . Four homology groups were described earlier by Oltean et al. (28) ; the fifth group contains S. litura APN and H. punctigera APN2.
Expression of S. litura APN in Sf21 cells. The full-length apn cDNA with a His tag-encoding sequence at the 3Ј end was cloned in the baculovirus transfer vector. Recombinant viruses (BV-SlApn) were identified by plaque assays and screened by PCR and Western blot analysis. The Coomassie blue-stained gel (Fig. 3, lanes 2 and 4) showed the expression of a 108-kDa protein in the infected-cell lysate and membranes, which was not detected in the uninfected-cell lysate and membranes (Fig.  3, lanes 1 and 3) . The 108-kDa protein reacted with anti-APN antibodies, confirming the expression of S. litura APN driven off the polyhedrin promoter in the insect cells with the baculovirus expression system. The level of APN expression in Sf21 cells was investigated at different time points after infection. Synthesis of the recombinant APN began within 24 h postinfection and continued through the time period (96 h) examined. No appreciable increase in the expression levels of APN was found after 72 h of infection. Therefore, cells harvested at 3 days postinfection were considered to be the most suitable for protein isolation and characterization. An interesting difference was observed in the blots developed with anti-APN and anti-His antibodies. Two bands, upper band A and lower band B, were highlighted with anti-APN antibodies, whereas only the lower band B was highlighted with anti-His antibodies (Fig. 4) . The synthesis of two forms of APN in Sf21 cells is probably a consequence of differential sorting of nascent APN, as illustrated diagrammatically in Fig. 5 . Characterization of the recombinant APN expressed in BVSlApn-infected insect cells. The expressed APN was characterized for its catalytic efficiency, specificity, and localization. The catalytic competence of the expressed protein was examined by assaying for the aminopeptidase activity. Preliminary analyses revealed the presence of low levels of endogenous aminopeptidase activity associated with Sf21 cells. The values reported here have taken into account this endogenous activity. A significant difference of 17,000 nmol/mg/h in the specific activity of APN-expressing cells over the uninfected host cells was observed. The specific inhibitors amastatin and bestatin at a 1 mM concentration inhibited aminopeptidase and reduced the activity displayed by APN-expressing cells to 4% (data not shown).
When recombinant APN-expressing Sf21 cells were lysed and subjected to high-speed ultracentrifugation, S. litura APN was completely retained in the pellet fraction, indicating that APN was expressed as a membrane-anchored protein. Since the amino acid sequence of the nascent APN showed the presence of a GPI anchor addition site at the carboxyl terminus and a cleavable signal peptide sequence at the amino terminus, we investigated the location of APN on the surface of infected Sf21 cells. Immunofluorescence studies on immobilized infected Sf21 cells with anti-APN antibodies showed an intense cell surface fluorescence, indicating that the expressed APN was located on the surface of Sf21 cells (Fig. 6B) . No cell surface fluorescence was observed in uninfected cells stained with anti-APN antibodies (data not shown) or in infected cells stained with preimmune serum (Fig. 6A) .
The nature of membrane anchorage of recombinant S. litura APN expressed in Sf21 cells was determined by treating the Sf21 cells with PIPLC. PIPLC treatment released a fraction of the expressed APN population into the supernatant, as only 68% of the APN activity was retained in the pellet fraction, showing that S. litura APN is attached to Sf21 cells by means of a GPI anchor.
Visualization of biotin-labeled concanavalin A blots of un- infected and infected Sf21 cell membrane proteins with the streptavidin-alkaline phosphatase complex showed a reaction with most of the proteins, including the expressed APN (Fig. 7 , lanes 1 and 2, respectively). This indicates that S. litura APN expressed in Sf21 cells is glycosylated. The E. coli-expressed truncated APN protein of 51 kDa showed no reaction with the streptavidin-alkaline phosphatase complex and served as a negative control (Fig. 7, lane 3) . Identification of a S. litura BBM protein that binds to the Cry1C toxin. We investigated the binding of Cry1C toxin to S. litura BBM proteins by a protein blot technique (36) . On overlaying of the electroblotted S. litura BBMV proteins with the Cry1C toxin followed by anti-Cry1C antiserum and secondary antibodies as described in Materials and Methods, multiple bands were highlighted (Fig. 8A, lane 2) . One of these bands was also observed in the control blot in which the toxin was omitted, indicating that it could be a nonspecific signal (Fig.  8A, lane 1) . When the electroblotted S. litura BBMVs were probed with anti-APN antibodies, three bands were highlighted (Fig. 8A, lane 3) . These interacting proteins did not react with preimmune serum (data not shown). Among the multiple proteins visualized with the Cry1C overlay, only one protein, corresponding to 108 kDa, reacted with anti-APN antibodies and hence tentatively was identified as aminopeptidase. This protein also corresponded to the Sf21 cell-expressed APN protein (Fig. 8B) . Together, these results indicate that the APN highlighted at 108 kDa in the BBMVs might serve as a receptor for Cry1C toxin in the insect midgut.
Interaction of the surface-expressed APN with different Cry toxins. The toxin-binding characteristics of the expressed S. litura APN were analyzed by ligand blotting experiments. For ligand blotting, identical amounts of membrane proteins prepared from uninfected and infected Sf21 cells were resolved by SDS-PAGE, electroblotted onto nitrocellulose membrane, and overlaid with Cry toxins. The interaction was detected by incubating the blot with the respective antitoxin antibodies. A band corresponding to the expressed APN was highlighted in the infected membranes incubated with Cry1C toxin (Fig. 9 , lane 2) and was not observed in Cry1C-overlaid uninfected membranes (Fig. 9, lane 1) . This corroborates the interaction of S. litura APN with Cry1C toxin. No such band was highlighted in the infected membranes incubated with Cry1Ac toxin, indicating the lack of interaction between the two (Fig.  9, lane 3) . The S. litura APN-Cry1C interaction was also examined by immunoprecipitation experiments. When CHAPS-solubilized membranes were incubated with Cry1C toxin, the toxin-protein complex was pulled down with anti-Cry1C antibodies by using protein A-Sepharose beads. Western analysis of the immunoprecipitated protein with anti-APN antibodies was carried out as described in Materials and Methods. Both forms of expressed APN were immunoprecipitated from the CHAPS-solubilized infected membranes, thus indicating that both interact with Cry1C toxin (Fig. 10, lane 2) . No interacting protein was visualized when the solubilized uninfected membranes were used for immunoprecipitation (Fig. 10, lane 1) . The control lacking Cry1C toxin did not exhibit any interacting protein on probing with anti-APN antibodies (data not shown). Since we demonstrated that the recombinant APN is expressed at the surface of Sf21 cells, a binding assay was also performed with intact insect cells. The interaction between the two molecules was detected by using antitoxin antibodies and FITC-conjugated secondary antibody. The fluorescing cells indicate the binding of the expressed APN with Cry1C toxin (Fig.  11B) , whereas faint fluorescence was observed in Cry1Ac-overlaid cells (Fig. 11A) . This indicates that the recombinant APN interacts with Cry1C toxin but not with Cry1Ac toxin. Controls in which cells were directly incubated with antitoxin antibodies without prior overlaying with toxin showed no fluorescence. The uninfected Sf21 cells showed no fluorescence when overlaid with any of the toxins (data not shown).
DISCUSSION
S. litura (Lepidotera: Noctuidae) is a polyphagous pest known to attack many economically important crops such as groundnut, castor, maize, safflower, banana, and many vegetables. B. thuringiensis formulations containing Cry1C are active against Spodoptera spp. and have been deployed for commercial use. The most recent application of Cry proteins for the control of Spodoptera larvae is the development of transgenic crops that express a synthetic cry1Ca gene.
Bioassays conducted in our laboratory to determine the relative sensitivities of S. litura to different Cry toxins revealed that the second-instar larvae were susceptible to Cry1C toxin (50% lethal dose, 200 ng/3.8 cm 2 ) and were not affected by Cry1Ac toxin even at up to 2,000 ng/cm 2 . Our results are in agreement with earlier reports that demonstrate the tolerance of larvae of Spodoptera species to Cry1A toxins and their susceptibility to Cry1C toxin (24, 30) .
Our attempts to express the complete S. litura apn cDNA in E. coli failed; hence, we attempted the expression of apn in insect cells by using a baculovirus expression system. The fulllength cDNA was successfully expressed in the S. frugiperda (Sf21) cell culture. The levels of S. litura APN expression were satisfactory and comparable to those in an earlier report (23) . The specific activity of Sf21 cells expressing S. litura APN was significantly higher than the values observed when uninfected cells were used for the assay, thus indicating that the expressed APN is catalytically active. The aminopeptidase activity of expressed protein was found to be sensitive to the specific APN inhibitors amastatin and bestatin, with the percentage of inhibition being 96% with both inhibitors. The expressed APN was localized at the surface of insect cells as predicted from the presence of a cleavable N-terminal signal peptide (44) and C-terminal GPI anchor addition signal sequence (predicted from a sequence-based algorithm developed by Eisenhaber et (23) . However, in the present study the expressed S. litura APN protein not only was catalytically active but was processed faithfully to be anchored in the plasma membrane of culture cells.
Resolving the expressed APN protein and probing separately with anti-APN antibodies and C terminus-associated His tag antibodies revealed the presence of two forms of APN. Both forms reacted with anti-APN antibodies, whereas only one of the forms reacted with anti-His antibodies. We believe that the appearance of these two protein forms could be a consequence of following different biochemical events: (i) transamidation reaction limitation due to overburdening of posttranslational machinery and (ii) inefficient processing due to the presence of serine at the ϩ2 site (17) . Thus, the APN molecules in upper band A are the ones which are processed at their carboxyl termini by transamidase, in turn losing the His tag, and the ones in lower band B are unprocessed and retained in the endoplasmic reticulum with the His tag intact.
Several Cry toxin-binding molecules have been identified by performing ligand blot analysis of BBMVs prepared from insect midguts. Aminopeptidases, proteins belonging to the cadherin superfamily (37) , and anionic glycoconjugates are the three types of molecules present in the midguts of insect that have been employed by Cry toxins to exert their toxicity towards the susceptible insects. The binding of Cry toxins either to total proteins extracted from BBMVs (6, 30, 43) or to APN/cadherin-like receptor purified from BBMVs (13, 15, 19, 22, 35) has been evaluated. The divergence in structure within aminopeptidases and cadherin-like receptor molecules is significant. The multiple aminopeptidase isoforms known to exist in the insects are believed to have arisen as a consequence of gene duplication (2, 8) . To date several aminopeptidase-encoding genes have been isolated from different insects. Oltean et al. (28) carried out a dendrogram analysis of the reported insect aminopeptidases that have been described as Cry1A Cry1C toxin has been shown to bind to multiple BBM proteins in three Spodoptera spp. by ligand blotting (27) . In another independent report, 40-and 110-kDa proteins in Spodoptera littoralis BBMVs were found to interact with Cry1C toxin (30) . None of these proteins has been characterized further. We also investigated the binding of Cry1C toxin to S. litura BBMVs and to the expressed APN by using the ligand blot technique. Among the proteins that were highlighted on overlaying of the S. litura BBMVs with Cry1C toxin, a 108-kDa protein, which not only interacted with the anti-APN antibodies but also corresponded to the expressed S. litura APN, was found to be the specific Cry1C-binding protein in BBMVs. Thus, it might be the aminopeptidase in the insect midgut that serves as a receptor for the Cry1C toxin. Cry1C also interacted with the 108-kDa recombinant APN in the infected-cell membranes, with which Cry1Ac did not show any interaction. The specific precipitation of the expressed S. litura APN from the solubilized membrane proteins by Cry1C toxin in the immunoprecipitation experiment also showed that the two proteins interact with each other.
Surface localization of the expressed APN prompted us to use whole cells for studying the toxin-binding characteristics of the recombinant S. litura APN. Immunofluorescence toxin binding experiments with whole cells showed that the expressed APN recognized the bioactive Cry1C toxin and, critically, did not show any binding towards biologically inactive Cry1Ac toxin. For the first time, we are able to demonstrate by immunofluorescence the binding of a Cry toxin to recombinant APN expressed at the surface of Sf21 cells. These results demonstrate that the expression of S. litura APN in insect cell 3) were solubilized in SDS sample buffer containing ␤-mercaptoethanol, separated by SDS-7.5% PAGE, and electrotransferred to nitrocellulose membrane. The nitrocellulose membrane was probed with Cry1C (1 g/ml) (lanes 1 and 2) and Cry1Ac (1 g/ml) (lane 3) ␦-endotoxins. Binding of the toxin was detected by using antibodies against the toxin followed by alkaline phosphatase-conjugated goat anti-rabbit IgG. The positions of molecular mass markers (in kilodaltons) are indicated on the left. (1 g/ml) . Binding of the toxin was detected by using antibodies against the toxin followed by FITC-conjugated goat antirabbit IgG. They showed that the 106-kDa APN was functionally related but structurally different from a Cry1Ac-binding 115-kDa APN isolated from the same insect. They described the 106-and 115-kDa proteins as isoforms of aminopeptidase. Previous studies have shown that 120-and 170-kDa APNs serve as receptors for the Cry1A class of ␦-endotoxins, whereas the 108-kDa APN isolated from S. litura in the present study and the 106-kDa APN from M. sexta (21) have been found to bind Cry1C toxin. These results reveal the complexity in the mode of action of B. thuringiensis toxins at the molecular level.
The results of the present study show that the Sf21 cells are suitable for expression of binding-competent receptor ligand in significant amounts. They also highlight the utility of cell culture-expressed APN for studying receptor-ligand interaction.
